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1  |  INTRODUC TION
Many studies have reported consistent associations between 
exposure to particulate matter (PM) and cardiovascular and res-
piratory diseases, neurodegenerative disorders, cancer, prema-
ture mortality, and morbidity.1–10 Since even low levels of ambient 
PM can cause detrimental health effects, investigators have at-
tempted to identify the primary cause of PM toxicity. Chemical 
composition and biologically active chemical species of PM are 
considered to be more important contributors to the health ef-
fects than particle mass concentration by itself.11–13 Levels of re-
active oxygen species (ROS) may be a major factor in the health 
effects associated with PM exposure.14–21 Reactive oxygen spe-
cies (ROS) are relatively unstable oxygen-containing radicals and 
non-radicals. Biologically relevant ROS include superoxide (O2
•−), 
hydroxyl (HO•), hydroperoxyl (HOO•), and alkylperoxyl (ROO•) 
radicals as well as non-radicals such as hydrogen peroxide (H2O2), 
organic peroxides (ROOR), hypochlorite (OCl−), and peroxynitrite 
(ONOO−).22,23
Reactive oxygen species can be generated in human cells (en-
dogenously) through aerobic metabolism and other biochemical re-
actions.24–33 In addition to endogenous formation of ROS, there are 
several exogenous sources such as air pollution, food, drugs, heavy 
metals, organic solvents, and pesticides which have the potential to 
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Abstract
Reactive oxygen species (ROS) are an important contributor to adverse health effects 
associated with ambient air pollution. Despite infiltration of ROS from outdoors, and 
possible indoor sources (eg, combustion), there are limited data available on indoor 
ROS. In this study, part of the second phase of Air Composition and Reactivity from 
Outdoor aNd Indoor Mixing campaign (ACRONIM-2), we constructed and deployed 
an online, continuous, system to measure extracellular gas- and particle-phase ROS 
during summer in an unoccupied residence in St. Louis, MO, USA. Over a period of one 
week, we observed that the non-denuded outdoor ROS (representing particle-phase 
ROS and some gas-phase ROS) concentration ranged from 1 to 4 nmol/m3 (as H2O2). 
Outdoor concentrations were highest in the afternoon, coincident with peak pho-
tochemistry periods. The indoor concentrations of particle-phase ROS were nearly 
equal to outdoor concentrations, regardless of window-opening status or air exchange 
rates. The indoor/outdoor ratio of non-denuded ROS (I/OROS) was significantly less 
than 1 with windows open and even lower with windows closed. Combined, these 
observations suggest that gas-phase ROS are efficiently removed by interior building 
surfaces and that there may be an indoor source of particle-phase ROS.
K E Y W O R D S
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induce intracellular formation of ROS.34–39 Low concentrations of 
ROS can be neutralized by the body's natural antioxidant defense 
mechanisms. However, excessive endogenous or exogenous ROS 
can disturb the cellular redox homeostasis and lead to oxidative 
stress. Depending on which tissues are affected, it may result in ad-
verse health outcomes such as chronic obstructive pulmonary dis-
ease, asthma, oxygen toxicity disorder, Alzheimer's disease, cancer, 
cardiovascular, respiratory, and metabolic diseases.18,40–49
People can inhale particles which induce ROS formation in cells 
(intracellular ROS) and/or directly inhale gas- and particle-phase 
ROS (extracellular ROS). The focus of this paper is extracellular ROS. 
Atmospheric ROS are either emitted directly from combustion of or-
ganic materials (vehicles, wood combustion, etc.), or formed in the 
daytime through photochemical reactions between volatile organic 
compounds (VOCs) and oxidants such as ozone (O3) and hydroxyl 
radical (OH).50–57 Without sunlight, reactions of VOCs with nitrate 
(NO3) (and any remaining non-titrated O3) play roles in ROS forma-
tion.58,59 ROS can be present in both gas- and particulate phases 
and the relative distribution among phases depends on the oxidation 
state, vapor pressure, and particle concentration.53,60,61 However, 
the majority of gas-phase ROS are water-soluble and are thought to 
be removed by mucus in the upper respiratory system. By contrast, 
particles (especially PM2.5, particle diameters <2.5 µm) can pene-
trate deep into the lung, where the chances of ROS reaching the 
bloodstream and secondary organs are higher. Thus, particle-phase 
ROS are generally considered to be more harmful than gas-phase 
ROS.62–66
People are also exposed to ROS indoors, which may originate ei-
ther indoors or outdoors. Air purifiers and open combustion sources 
such as smoking and cooking can emit ROS.67–71 ROS of indoor ori-
gin can be also formed through the reaction of unsaturated hydro-
carbons with ozone.72–75 Despite the presence of these precursors 
indoors, infiltration of ROS from outdoors, and the fact that peo-
ple spend almost 90% of their time indoors, there are limited data 
available on indoor ROS concentrations.76,77 Khurshid et al.76,77 con-
ducted indoor and outdoor measurements of ROS associated with 
PM2.5 and total suspended particles in several residential, commer-
cial buildings, and retail stores. They observed that residential indoor 
concentrations of particle-bound (extracellular) ROS on total sus-
pended particles (TSP) were somewhat lower than those outdoors.77 
However, the indoor concentration of ROS associated with PM2.5 in 
either homes, retail stores, or commercial buildings was not signifi-
cantly different than those outdoors, despite observing that indoor 
PM2.5 concentrations were lower indoors than outdoors.76–78
Previous ROS measurements were based on offline or batch 
techniques by offline collection of gases and particles, followed 
by sample processing, and analysis.50,51,68,76,77,79–81 In general, of-
fline methods have some disadvantages such as long analysis time 
(long sampling, preparation, storage, and analysis), low temporal 
resolution, sampling artifacts, and sample loss.82 Traditional filter 
collection of particle-phase ROS may underestimate ROS concen-
trations mainly due to the loss of short-lived ROS during the long 
collection period and the delays between collection, extraction, 
and analysis.50,80,81,83,84 Other drawbacks associated with filter 
collection of ROS species include variable and high background 
signal.83,85,86 To overcome some of these limitations, online tech-
niques have been developed for outdoor ROS measurements.84,87–89 
However, to the best of our knowledge, there have been no online 
indoor measurements of ROS.
Indoor concentrations of pollutants of outdoor origin are often 
lower than outdoors but these concentrations are strongly influ-
enced by ventilation, infiltration, and deposition conditions. For ex-
ample, particles deposit on building surfaces thereby lowering PM 
concentrations in the air that enters the building.90–94 Ozone reacts 
with surfaces, with a similar reduction of concentrations relative 
to outdoor air.95 Similarly, PM-bound ROS could also be removed 
from indoor air by deposition and volatile ROS may be removed by 
reactions with surfaces. Therefore, in the absence of indoor ROS 
sources, the concentration of ROS is anticipated to be somewhat 
lower indoors than outdoors. Furthermore, studies have shown that 
ventilation (natural or mechanical) influences the indoor/outdoor 
concentration of some air pollutions such as PM, O3, etc. Specifically, 
window opening has been shown to alter our exposure to air pollut-
ants of both indoor and outdoor origin.96–102 Taken together, there 
is value in assessing indoor and outdoor ROS concentrations, using 
a continuous online technique that can more rapidly capture the in-
fluence of changes in infiltration or ventilation conditions. This can 
be especially useful in complementing the available indoor studies 
based on offline techniques.76,77
To address these knowledge gaps, we measured indoor/outdoor 
ROS in a detached, unoccupied, home in St Louis, Missouri, for one 
week in summer 2018 using a custom-built online (continuous) instru-
ment. This measurement is part of the second phase of a larger field 
campaign: Air Composition and Reactivity from Outdoor and Indoor 
Mixing field campaign (ACRONIM-2). The goal of ACRONIM-1102 and 
ACRONIM-2 was to study how window opening affects indoor con-
centration of particles and gases. This paper is focused on extracellu-
lar particle ROS, but includes some of the other measurements in the 
analysis to support the interpretation of ROS results (eg, air exchange 
rates, ozone concentration, PM concentrations, etc.). Details of other 
measurements will be presented in the future publications.
PR AC TIC AL IMPLIC ATIONS
- Gas-phase reactive oxygen species (ROS) are removed, 
likely by deposition to surfaces, significantly reducing 
their concentrations indoors relative to outdoors.
- Indoor and outdoor concentrations of particle-bound 
ROS are approximately the same, independent of air 
exchange rate or particle mass concentrations, suggest-
ing that exposure is dominated by indoor exposure.
- ROS formed indoors or previously accumulated on in-
door surfaces may be partitioning to indoor aerosols.
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2  |  MATERIAL S
2.1  |  Chemicals
2′,7′-Dichlorodihydrofluorescein diacetate (DCFH-DA, purity 
≥95%) was purchased from Cayman Chemical (Ann Arbor, MI, 
USA). Horseradish peroxidase (HRP) was purchased from Thermo 
Scientific (IL, USA). Hydrogen peroxide solution (≥30% w/w, for trace 
analysis) was obtained from Sigma-Aldrich (St. Louis, MO, USA). 
Sodium phosphate monobasic monohydrate (ACS reagent, ≥98%) 
and dibasic heptahydrate (ACS reagent, ≥98%) were also purchased 
from Sigma-Aldrich (St. Louis, MO, USA) and were used for making 
sodium phosphate buffers (25 mmol/L, pH of 7 and 7.2). Sodium 
hydroxide solution (0.2 N, certified) and Fisherbrand™ Sparkleen™ 
detergent were bought from Fisher Scientific (Hampton, NH, USA). 
Carbon dioxide (CO2) for determining air exchange rates and helium 
(He) for the thermal desorption aerosol gas chromatograph (TAG) 
were purchased from AirGas (Randor, PA, USA). All chemicals used 
to calibrate the TAG, including chloroform, ethanol, and various or-
ganic compounds, as well as butanol for the scanning mobility par-
ticle sizer (SMPS), were supplied by Sigma-Aldrich (St. Louis, MO, 
USA).
2.2  |  Working solutions
For the quantitative analysis of particle/gas-phase ROS, several 
chemical assays have been reported.50,51,79,80,103–107 Most have 
been adapted from techniques originally designed to measure ROS 
in cells or tissues. Among these, the 2′,7′-dichlorodihydrofluorescein 
(DCFH) assay is widely used because of its broad reactivity toward a 
variety of ROS.88,108–110 Venkatachari & Hopke110 tested DCFH for 
online automatic ROS monitoring and reported a high sensitivity and 
linear response for the majority of oxidant species, making it a suit-
able choice for online measurement. In this assay, ROS reacts with 
horseradish peroxidase (HRP) to form an intermediate which subse-
quently oxidizes two equivalents of non-fluorescent DCFH to the 
fluorogenic probe 2′,7′-dichlorofluorescein (DCF).108,111,112
According to previously published procedures,108,111 1 millimolar 
(mM) DCFH was prepared in two stages: first, 50 mg of DCFH-DA 
(purity ≥95%) was dissolved in HPLC-grade ethanol under dark con-
ditions. The solution was either used immediately or kept at −20°C in 
sealed amber bottles. Then, before each set of ROS measurements, 
5 mL of the ethanolic DCFH-DA solution was incubated with 15 mL 
of 0.01 N NaOH at room temperature for 30 minutes in the dark 
to cleave off the acetate groups. This mixture was neutralized with 
80 mL of sodium phosphate buffer (pH 7.2, 25 mmol/L), resulting in 
100 mL of 50 µmol/L DCFH solution, which was stored in an amber 
bottle at 4°C until use. Horseradish peroxidase (HRP) was dissolved 
in sodium phosphate buffer (pH 7.0, 25 mmol/L) at 5 units/mL and 
stored in 100 mL aliquots in amber vials. To avoid auto-oxidation 
of DCFH and reduce background fluorescence,85,89 the DCFH and 
HRP solutions were used no later than one week after preparation, 
and they were kept separate until addition to the ROS aqueous ex-
tract using a 4-channel peristaltic pump, which will be described 
later in this paper, resulting in final DCFH and HRP concentrations 
of 5 µmol/L and 0.5 units/mL, respectively. All of the solutions were 
prepared using degassed high-purity deionized water (DI), unless 
stated otherwise.
3  |  ONLINE INSTRUMENT SETUP
3.1  |  Particle collection section (PCS)
Condensational growth of particles has a long history of applica-
tion in condensation particle counters (CPCs) and in continuous and 
semi-continuous chemical composition analytical instruments.113–117 
These systems usually employ water vapor at high temperatures to 
grow particles large enough to be easily transferred and collected 
by inertial impaction on a collecting surface or solution. However, 
previous studies have argued that the high-temperature steam may 
lead to decomposition of unstable ROS and result in unavoidable ar-
tifacts.84,85,88,118 Therefore, the particle collection section (PCS) of 
our custom-built system, inspired by the design described by Hering 
et al.,118 utilizes low-temperature water vapor, followed by a particle 
growth tube with a long wick placed inside to wet the tube walls and 
improve supersaturation in the centerline of the airflow.
Figure 1 shows a schematic of our online ROS instrument. Air 
with a flow rate of ~12 L/min enters the PCS after passing through 
a cyclone (aerodynamic diameter cut point ~2 µm). A parallel-plate 
carbon denuder (Sunset Laboratory, Inc., Tigard, OR, USA) removes 
gases, including gas-phase ROS, so that only particles are collected. 
Laboratory experiments showed that the denuder efficiently re-
moves ozone, a surrogate for gas-phase ROS species (see Supporting 
Information, Section 3.1. Denuder and Ozone removal efficiency). 
The flow line is equipped with a valve to bypass the denuder for 
gas and particle-phase ROS (non-denuded) measurements. Next, 
the air stream enters the humidifier (32°C), where particles become 
saturated with water vapor and then grow into larger particles in 
the following wetted-wall particle growth tube. The particle growth 
tube consists of two sections. The first is a cooler section main-
tained at 25°C using circulating water and a warmer section which 
is wrapped with heat tape and maintained at 32°C. These large 
particles are collected in an impinger (BioSampler, SKC Inc., Eighty 
Four, PA, USA) that was modified (by URG Corporation, Chapel Hill, 
NC, USA) to allow the collection fluid to continuously flow through 
it (see Figure S1). Laboratory tests using ammonium sulfate as a 
model aerosol showed particle collection efficiency of 89% to 100% 
(see Supporting Information, Section 3.2. for the method, calcula-
tion, and results of particle collection efficiency measurement. See 
Figure S3 for the schematic of online ROS instrument during leak 
testing and particle collection efficiency experiment). A 4-chan-
nel peristaltic pump (Minipuls 2, Gilson, Middleton, WI, USA) adds 
0.1% detergent in degassed DI water to the biosampler at a flow 
rate of ~0.6 mL/min (2-stop peristaltic pump tubing, 1.3 mm ID). The 
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detergent was added to prevent bubble formation and adhesion in 
the fluorescence flow cell of the detection system described later. 
During operation, the impinger retains 5 mL of solution. The same 
peristaltic pump keeps the wick in the particle growth tube wet by 
adding degassed DI water at flow rate of ~0.4 mL/min. A second 
4-channel peristaltic pump is used after the biosampler to either 
transfer the aqueous solution of particles or the calibration solutions 
to the reaction section.
3.2  |  Reaction section
The aqueous solution of ROS collected in the biosampler is delivered 
to the reaction section at a flow rate of 0.8 mL/min using the second 
4-channel peristaltic pump. First, HRP and then DCFH, each with 
a flow rate of 0.1 mL/min (2-stop peristaltic pump tubing, 0.51 mm 
ID), are added to the ROS aqueous solution and the mixture of the 
ROS solution and reagents is pumped to a 2 m coiled tubing reactor 
(Tygon R-3603 tubing, 1.02 mm ID). The retention time of the mix-
ture in the coiled tubing reactor is 6 minutes. Before the detection 
section, the solution mixture is cycled through a bubble separator 
which adds ~6 more minutes to the total reaction time. This device 
was necessary to remove bubbles which can alter the baseline signal 
and sensitivity of the fluorescence flow cell. The device was a ¼-inch 
Swagelok tee, oriented vertically so that bubbles could rise as the 
fluid flowed downward and out toward the detector (see Figure S2). 
Both the reactor and fluorescence flow cell are kept in a dark box 
to minimize DCFH photo-oxidation. The box was maintained at the 
temperature of the laboratory or field trailer (~25°C). We observed 
that operating the detector section at a higher temperature resulted 
in more frequent bubble interference in the flow cell; future systems 
may consider a cooled detection section.
3.3  |  Detection section
The fluorescence flow cell (FIA_SMA_FL_ULT, volume of 450 µL, 
light path of 10 × 4 mm, Ocean Optics, Inc., Dunedin, FL) is mounted 
on the side of the box vertically with the flow inlet on the bottom 
and the flow outlet on the top (as recommended by the manufac-
turer to help any remaining bubbles leave the flow cell easily without 
interfering with detection). The solution in the flow cell is illuminated 
with a temperature-stabilized 490 nm blue LED light source (Ocean 
Optics). Fluorescence generated at a 90-degree angle to the excita-
tion light source is then detected by a 350–1000 nm spectrometer 
(Flame-S-VIS-NIR-ES). Oceanview spectroscopy software was used 
to analyze the data.
3.4  |  Calibration
Aqueous solutions of 80–800 nmol/L H2O2 in degassed ultrapure 
water with 0.1% Fisherbrand detergent were used for the ROS 
calibration. Detergent was added to the degassed water to re-
duce adhesion of bubbles within the fluorescence flow cell. H2O2 
reacts with HRP to oxidize DCFH to fluorescent DCF. Degassed 
DI water (with 0.1% detergent) was used as the blank and this 
background was subtracted from the ROS signals when quanti-
fying ROS concentrations. The H2O2 solutions were prepared 
fresh in the field and were kept in the refrigerator when not in 
use. The solutions were used for only one week. In addition to 
a full calibration (see Section 4 and Figure S5), which exhibited 
a linear fluorescent-H2O2 concentration response, calibrations of 
at least two points plus a blank were also performed before and 
after daily air samples to track the changes in activity of H2O2 so-
lutions and account for any baseline changes during air sampling. 
F I G U R E  1  Schematic of online ROS instrument: particle collection section (PCS), reaction section, and detection section
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Calibration solutions were added to the reaction section using the 
3-way valve shown in Figure 1 which transfers either the aque-
ous solution from the biosampler or the calibration solution to the 
reaction section. The ROS results are reported as nmol H2O2 per 
m3 air, recognizing that the signal is contingent on many variables 
including the reactivity of the ROS species with HRP and DCFH 
and the accessibility of the species within a particle (eg, whether 
it dissolves in the solution).
4  |  FIELD SAMPLING
4.1  |  Location and site
The ROS system was deployed during the second phase of the Air 
Composition and Reactivity from Outdoor and Indoor Mixing field 
campaign (ACRONIM-2), which took place in August 2018 at a sin-
gle-family home in Maplewood, Missouri (a suburb of St. Louis). The 
TA B L E  1  Description of measurements, sampling location, and sample time resolution for each instrument
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home was located approximately 0.75 km west of U.S. Interstate 
44 and 2 km south of U.S. Interstate 64. Regional sources of back-
ground aerosol in this area include industry, railroad and automo-
bile traffic, and biogenic organic aerosol from oxidized isoprene 
and other monoterpenes emitted from deciduous forests.119,120 All 
measurements presented in this manuscript were taken while the 
home was unoccupied.
Figure S6 shows the house floor plan with the dimensions of 
each room, as well as sampling locations for each instrument de-
ployed during the field campaign. The home consisted of a base-
ment, a ground floor, and an upstairs level. The basement doorway 
was closed during the study and is not considered part of the home 
HVAC volume (approximately 420 m3). Air conditioning (AC) was 
on to regulate temperatures inside the home and cycled approxi-
mately every hour throughout the study period. The AC circulated 
indoor air using a blower and passed through a filter that was in-
stalled new at the beginning of the study. Air duct vents were lo-
cated in each room, and the main air return on the measurement 
floor was located in the home's ground floor entry way. Also shown 
in Figure S6 is the location of the instrument trailer and air sam-
pling locations inside and outside the house (see Section 4.3 and 
Table 1 of this manuscript and Section 6 of Supporting Information 
for details).
4.2  |  Sampling timeline
ACRONIM-2 took place from July 25 through August 22. This time 
period was based on the likelihood of hot weather that would result 
in higher outdoor photochemistry and secondary pollution levels. 
The period between July 25 and August 4 was comprised primarily 
of setup and vetting of instrumentation. In this manuscript, we focus 
on five days (August 5, 6, 8, 9) of the field campaign to investigate 
the influence of natural ventilation on particle- and gas-phase indoor 
ROS concentration. On August 5 and 9, we conducted experiments 
while three windows were opened at once (open-window experi-
ments). On each day, windows were opened in the morning at 8:00 
and closed early in the morning of the following day. All the win-
dows and doors were closed during measurements on August 6 and 
8 (closed-window measurements).
4.3  |  Instrumentation and other measurements
A subset of instruments, including the ROS system, were housed 
within an air-conditioned instrument trailer on the west side of 
the home (Figure S6). Table 1 provides a list of instruments, along 
with sampling location, switching period, and measurement reso-
lution information. We also show a side-view schematic of the 
house, trailer, and sampling locations in Figure 2. This figure also 
shows a diagram of sample lines and instrument flow rates (L/min). 
Most air composition measurement instruments were located in an 
air-conditioned trailer adjacent to the house. Air was drawn from 
the kitchen or outdoor by three distinct sample branches into the 
trailer. Each of the branches operated on a different indoor/out-
door switching schedule. One branch was for ROS measurement 
and the other two branches were for other particle and miscella-
neous gas monitors. The other monitors are not directly relevant 
to the results described in this manuscript but will be described 
briefly in the following sections. The fourth sample line drew air 
from the kitchen to the quartz filter without switching to outdoor 
air. Indoor sample inlets were installed approximately 1.5 m above 
the floor in center of the kitchen through an otherwise-sealed win-
dow, and outdoor sample inlets were secured onto a tower 6 m 
F I G U R E  2  Side-view schematic of house, sampling locations, sampling system, and field trailer. Flows (L/min) are included for each 
instrument in italicized text
    |  7EFTEKHARI ET Al.
above the ground approximately equidistant between the test 
house and the neighboring house. We also used the balcony of the 
master bedroom on the second floor as the second outdoor sam-
pling location for volatile organic compound (VOC) and ozone (O3) 
measurements. For each branch within the trailer, indoor/outdoor 
switching was achieved with two ball valves, with one connected 
to the outdoor sample line and the other connected to the indoor 
line. In this manuscript, we briefly describe all measurements con-
ducted during ACRONIM-2. Only a subset of these instruments are 
used to support interpretation of ROS results for this study; they 
are shown in bold font in Figure S6. The sampling schedule over a 
typical five-hour period is illustrated in Figure 3. Details and results 
of the measurements other than ROS will be published in future 
ACRONIM-2 manuscripts.
4.3.1  |  ROS measurement
From August 5 until August 9, continuous indoor and outdoor 
samples of particle/particle+gas-phase ROS were collected and 
analyzed. During the first two days of the sampling (Aug 5 and 
6), samples were non-denuded, that is, particle+gas-phase ROS 
were collected. On Aug 8 and 9, both denuded and non-denuded, 
indoor, and outdoor samples were collected. On Aug 5 and 9, the 
measurements happened while two windows were open on the 
ground floor in the living room and dining room (east side of the 
house) and one was open in the master bedroom on the second 
floor, also on the east side of the house. Closed-window experi-
ments were conducted on Aug 6 and 8. On Aug 7, which was a 
rainy day, a full calibration of the ROS system using aqueous H2O2 
was performed. In addition to the full calibration on Aug 7, each 
sampling day began and ended with running a blank and two cali-
bration levels of H2O2.
4.3.2  |  Air exchange rate measurement
The air exchange rate was determined semi-continuously using a 
pulsed-tracer injection/decay technique based on ASTM standard 
E741. Using an automated valve, pure, pressurized CO2 (Airgas, 
Randor, PA, USA) was injected into the building at the return vent 
near the ground floor entrance (shown in Figure S6) for approxi-
mately 10 seconds. The total volume injected was approximately 
50 L, which increased the mixing ratio in the house by approxi-
mately 1000 ppm, depending on the conditions. The CO2 mixing 
ratio was monitored at 2-minute intervals in two locations (kitchen 
and upstairs bedroom, shown in Figure S6) by CO2 monitors (Extec, 
SD800) which also measured relative humidity and temperature. 
The air exchange rate was determined semi-continuously and av-
eraged over each 4-hour time period. Only the middle of this time 
period was used for determining the air exchange rate, (a) due to 
the delay time required for mixing throughout the house, about 
20 minutes, and (b) increasing uncertainty as the indoor con-
centration decayed to approach the outdoor concentration. The 
F I G U R E  3  Illustration of ACRONIM-2 sampling schedule over a 5-h period. Instrument sampling resolutions are provided in Table 1. The 
blue shaded region denotes indoor sampling period, and orange shaded region denotes outdoor sampling period. For the TAG system, this 
example time period happens to start at the second hour of indoor sampling, and the full 2 h switching pattern is displayed in the following 
hours
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interval over which air exchange measurements were considered 
valid was determined by the investigators but typically included 
the middle 3 hours of the decay period. The semi-continuous air 
exchange rate value was determined by time-averaging the log-
normalized slope of the background-corrected CO2 mixing ratio 
over 30 minutes. The averaging time for the 4-hour period was 
defined by the entire valid time interval.
Hexafluorobenzene (HFB) and octafluorotoluene (OFT) tracer 
gases were also used in the study. They primarily acted as a constant 
emitting, inert, tracer for comparison against the concentration of 
potential reactants and products (eg, terpenes and carbonyl com-
pounds). They were placed in an upstairs bedroom (OFT) and in the 
living room (HFB), and continuously emitted through a fixed diffu-
sion tube throughout the study period. Tracer gas concentrations 
were measured by offline gas chromatography-mass spectrometry 
(GC-MS) analysis of gas adsorbent tubes collected in the kitchen (see 
Volatile Organic Compound section).
Air exchange rates (AER) were also estimated using the inert, 
constantly emitting tracers and determined as:
where ETracer is the tracer emission rate (2.0 mg/h for HFB, 0.67 mg/h 
for OFT), V is the volume of the home (420 m3), and CTracer is the tracer 
concentration (mg/m3 or by conversion, µg/m3). Tracer emission rates 
were determined by measuring the change in mass of each diffusion 
vial over time (2–3 day intervals to achieve sufficient mass change).
4.3.3  |  Ozone (O3)
Ozone was simultaneously and continuously measured indoors 
and outdoors with dedicated instruments, one positioned in 
the kitchen, one on the deck outside the upstairs master bed-
room (see Figure S6 and Figure 2). The outdoor monitor was 
a 2B Technologies, Model 202. The indoor monitor was a 2B 
Technologies, Model 211 which uses N2O to reduce interference, 
a common problem in indoor environments with high concentra-
tions of organic compounds.
4.3.4  |  Aerosol and gas composition
Composition of aerosol and gas was determined using an aero-
sol mass spectrometer (AMS; Aerodyne, Inc. Billerica, MA), and a 
thermal desorption aerosol gas chromatograph (TAG).121,122 Indoor 
and outdoor trends in sulfate aerosol were investigated using m/z 
64 (SO2
+) signals from the AMS and the decomposition region of 
the TAG.120 Because particle-phase sulfate contributes to regional 
background aerosol120 and lacks major indoor sources,123 sulfate 
measurements from the TAG and AMS are used to track outdoor-to-
indoor infiltration of PM2.5 and PM1, respectively.
The TAG sampled aerosol on the indoor/outdoor switching 
schedule, collecting for 30 minutes every hour at typical flow 
rates of 15 L/min. The TAG collected particles with aerodynamic 
diameters between 70 nm (dp50)
121 and the external cyclone with 
cut point of 2.5 µm. To assess relative contributions of collected 
gases and particles, the TAG sampled alternately through a paral-
lel-plate carbon denuder (Sunset Laboratory, Inc., Tigard, OR) and 
a 0.952 cm copper bypass line. Switching between the denuder 
and bypass line was achieved using an automated three-way ball 
valve (Swagelok Company, Solon, OH). This sampling schedule al-
lowed collection of a denuded (particles only) and a non-denuded 
(particles and gases) sample for each two-hour indoor or outdoor 
sampling period.
The AMS operated with one-minute measurement resolution on 
the ten-minute indoor/outdoor switching schedule. However, fluc-
tuations in the baseline of the mass spectrometer resulted in mea-
surements with lower precision, especially during August 5 and 6. 
For this reason, 4-hour averages for m/z 64 abundances were cal-
culated. The aerosol focusing lens of the Aerodyne AMS has a cut 
point of 1 µm124; thus, the AMS obtains mass spectra for bulk PM1. 
The AMS was operated with the time-of-flight chamber in V-mode 
throughout the study period.125 AMS unit mass resolution data were 
processed using the SQUIRREL toolkit in Igor Pro. Here, we present 
trends in the AMS m/z 64 (SO2
+) signal to track sulfate abundances 
indoors and outdoors. Additional AMS data will be the focus of fu-
ture manuscripts.
Descriptions of other methods are provided in Supplementary 
Information including temperature, relative humidity, nitrogen ox-
ides, volatile organic compounds, and particle size distributions.
5  |  RESULTS
Indoor and outdoor average and range of temperature (T, °C), rela-
tive humidity (RH %), and ozone concentration (O3, ppb) along with 
the weather condition are shown in Table 2. There was no significant 
difference between indoor temperature and humidity of the open-
window days and closed-window days. Outdoor temperature with an 
average of 31.5°C (except the calibration day, 08/07/2018) was gen-
erally higher than the indoor temperature, with an average of 22.9°C. 
Excluding the calibration day, which experienced higher indoor and 
outdoor humidity, the average indoor RH (43%) was about 10% lower 
than the outdoor RH (53%). As expected, the ozone concentration 
is lower indoors than outdoors and higher during the open-window 
days compared with closed-window days (Weschler et al., 1989). 
Weather conditions, extracted from MesoWest, show all ROS meas-
urements happened during cloudy days. See Supporting Information, 
Figure S8 which shows measured indoor and outdoor temperature 
and relative humidity and rainfall data compiled from two local 
weather stations: St. Louis Lambert International Airport (KSTL) and 
the Missouri Botanical Gardens (MBGM7) during the study period.
Shown in Figure 4 are the calibrated indoor/outdoor ROS concen-
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experiments. The top graphs (panels a,b) show the continuous ROS 
concentration results; the sharp drop or rise (especially pronounced 
for non-denuded samples that include particle-phase plus some gas-
phase ROS) indicates the beginning of indoor or outdoor sampling, 
respectively. The lower graphs (panels c,d) show the average stable 
ROS concentration (left axis) during each indoor (blue) and outdoor 
(orange) averaging period. The lengths of the lines are consistent 
with the averaging time interval. We limited Figure 4 to only two 
days to more clearly show how the averaged indoor/outdoor ROS 
results (panels c,d) relate to the continuous indoor and outdoor ROS 
results (panels a,b). We used solid lines for non-denuded ROS and 
dashed lines for denuded (particle-phase ROS). Since the collec-
tion system was not designed to effectively collect gas-phase ROS, 
non-denuded ROS samples only include some gas-phase ROS and 
should not be considered “particle +gas phase” ROS in a quantita-
tive sense. The shaded region shows the standard deviation from 
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F I G U R E  4  Continuous ROS concentration of a closed and open-window day. Top (a,b): continuous indoor/outdoor concentration (nmol/
m3), bottom (c,d): outdoor ROS as orange line, indoor ROS as blue line, standard deviation is shown as a shade with the same color for each 
indoor/outdoor measurement, black circles (filled: undenuded samples, empty circles: denuded samples) are shown indoor/outdoor ROS 
ratio
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the average of the stable data. Also shown on the right axis in pan-
els c and d are ratios of the indoor to outdoor ROS concentrations 
(I/OROS). Each marker (filled or open circle for non-denuded or de-
nuded samples, respectively) is shown between the two ROS values 
used to calculate that value of the I/O ratio.
Shown in Figure 5 is the average of continuous indoor and out-
door ROS concentrations (nmol/m3), indoor and outdoor ozone mix-
ing ratio (ppb), indoor and outdoor PM1 mass concentration (µg/
m3), sulfate concentration obtained from AMS (µg/m3), and the air 
exchange rate (hr−1) during the 9 am to 9 pm time period when the 
ROS measurement took place. On Aug 5, we switched between in-
door and outdoor sampling every 30 minutes. For the remainder 
of the days, we used a 60-minute indoor/outdoor switching time. 
The ozone figures show a 10-minute running average of indoor and 
outdoor ozone concentrations as well as I/OO3 ratio. Air exchange 
rates shown are based on 30 minutes time-averaging of CO2 tracer 
decay data. Air exchange rates determined using continuously in-
jected tracers (HFB and OFT) are shown in Figure S9 and are gener-
ally consistent with the tracer decay-based air exchange rates. The 
air exchange rate determined by OFT (emitted upstairs) was higher 
than that determined by HFB (emitted downstairs). This indicates 
that a combination of delayed mixing and independent air exchange 
associated with each floor is occurring.
On Aug 5, our first sampling day and also the first open-window 
day, only non-denuded ROS was measured. Therefore, the values 
represent a combination of particle and gas-phase ROS. The non-de-
nuded outdoor ROS concentrations rise during the day, roughly dou-
bling from about 2 nmol/m3 in the morning to 4 nmol/m3 in the late 
afternoon. The indoor non-denuded ROS follows a similar trend, but 
at lower concentrations. Indoor non-denuded ROS is about 50–80% 
of outdoor ROS. The I/OROS ratio is slightly higher in the afternoon, 
coincident with higher indoor air exchange rates and a higher indoor 
ozone mixing ratio. PM1 and ozone mixing ratios also tend to be 
higher in the late afternoon, and for both, indoor concentrations are 
lower than outdoor concentrations.
As on Aug 5, only non-denuded ROS was measured on Aug 6; 
however, on this day, the windows were closed. Here, we see a sub-
stantial impact of window state on all species. The air exchange rate 
F I G U R E  5  Time-averaged ROS (row a:ROS, nmol/m3) compared with ozone (row b: O3, ppb), particle mass concentration (row c: PM1, µg/
m3), particle sulfate from AMS (row d:AMS m/z 64, µg/m3), and air exchange rate (row e: ACH, hr−1)
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is much lower on Aug 6 (0.27/h) than on Aug 5 with windows open 
(0.73/h). It is also more stable, showing how “gusts” of wind through 
windows have more impact on the open-window day. The I/OROS is 
~0.4–0.5 in the afternoon of Aug 6, which is much lower than on 
Aug 5 when the windows were open (~0.8). The I/O ratio of ozone 
is near zero on the closed-window day, compared with nearly 0.2 
in the afternoon of the open-window day. The I/OPM ratio on the 
closed-window day (~0.4) is much lower than on the open-window 
day (~0.7), highlighting less efficient infiltration of particles with 
windows closed. Similar to Aug 5, ROS tends to peak later in the 
day; the outdoor level is about half that of Aug 5. PM1 tends to be 
relatively stable for the whole day and the outdoor concentration is 
also lower than on the previous day.
On Aug 8 (closed-window experiment) and 9 (open-win-
dow experiment), primarily denuded samples (particle-phase 
ROS) were collected, with some non-denuded samples added in 
the middle of the day for comparison. Despite the difference in 
window-opening state for the two days, there is little difference 
between indoor and outdoor denuded ROS concentrations; the 
I/OROS ratio ranges from 0.9 to 1.2. Although I/OROS of particle 
mass concentration is higher during open-window days, the indoor 
particle-phase ROS seems fairly insensitive to window opening or 
air exchange rate. Shown in Figure 5 are indoor sulfate concentra-
tions for PM1 obtained from AMS. Particle sulfate is a surrogate 
measure of “outdoor sourced” PM, assuming that no indoor sulfate 
sources are present in this unoccupied home. For all measurement 
days, sulfate is lower indoors than outdoors, but the sulfate I/O 
ratio tends to be somewhat higher on open-window days (compar-
ing paired days of Aug 5 and 6, and Aug 8 and 9). See Supporting 
Information, Figure S7 which shows comparison of ROS measure-
ments with relative measures of particle sulfate from both AMS 
and TAG instruments.
On both Aug 8 and 9, indoor and outdoor non-denuded samples 
were taken during the middle of the day. In both cases, the outdoor 
non-denuded ROS was noticeably higher than denuded ROS; this is 
expected since gas-phase ROS would be removed by the denuder. 
However, there is little difference between indoor non-denuded and 
denuded samples. Although the system is not intended to quantita-
tively collect gas-phase ROS, it appears that some is collected and 
that the difference between outdoor non-denuded and denuded 
samples is due to that gas-phase collection (about 1–2 nmol/m3 on 
Aug 8 and 9). The observation that there is no difference between 
non-denuded and denuded samples indoors suggests that the build-
ing itself is acting as an efficient denuder of gas-phase ROS, even 
when windows are open.
Figure 6 (boxplot) summarizes the average (midline), first/third 
quartile (lower/upper box edges; Q1/Q3), and minimum/maximum 
(lower/upper bars) of the daily ROS concentration. This figure better 
shows the difference between indoor and outdoor for non-denuded 
and denuded samples, and on days with windows open or windows 
closed. It emphasizes that denuded indoor and outdoor ROS concen-
trations are about the same. However, since these values represent 
an average over the entire sampling day (or portions of the day on 
Aug 8 and 9), some of the differences between individual samples 
are less apparent and both Figures 5 and 6 should be considered 
together.
Evidence of indoor ozone oxidation may be relevant to the pres-
ence of indoor ROS. Shown in Figure S10 are concentrations of sev-
eral carbonyl compounds and tracer compounds over the course of 
the experimental period. During periods of window opening and 
higher air exchange rates, the concentrations of tracer compounds 
are reduced by dilution as expected. However, the concentrations 
of nonanal, decanal, and 2-heptanone are not strongly influenced 
by the air exchange rate. This observation is evidence of ozone re-
acting with unsaturated compounds (cooking oils, skin lipids, etc) on 
indoor surfaces. At a higher air exchange rate, dilution of these com-
pounds is balanced by increased formation/emission rates that result 
from higher indoor ozone concentrations. In Figure S11 are shown 
the normalized emission rates of these species. The three carbonyl 
compounds exhibit increased emission rates with windows open. 
F I G U R E  6  Overall ROS results for each 
day. Center horizontal line is the average, 
box represents quartile 1 and 3, and bars 
show minimum and maximum values
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Window opening did not significantly increase the emission rates 
of hexanal, heptanal, or octanal, suggesting that primary emission 
sources dominated over those due to ozone chemistry.
6  |  DISCUSSION
Shown in Table 3 is a summary of studies that have used the same 
basic analytical method, albeit different collection methods, to 
measure extracellular ROS in particles and in the gas phase. The out-
door particle ROS concentrations from this study (2–3 nmol/m3) fall 
within the range of other outdoor measurements. The differences 
are likely due primarily to sampling locations, season, and intensity 
of smog events, and to a lesser degree, sampling methods and ana-
lytical systems.
Figure 7 compares the results of our indoor/outdoor ROS to the 
only available indoor/outdoor ROS measurements.76–78 In the ROS 
measurements by Khurshid, ROS associated with both PM2.5 and 
total suspended particles was measured inside and outside of sev-
eral homes, institutional buildings, and retail stores. Our measure-
ments are slightly higher, but very similar to theirs.
The indoor and outdoor concentrations of particle ROS in our 
study are very similar on both days with and without window open-
ing. The measurements by Khurshid et al. also showed very simi-
lar indoor and outdoor concentrations of ROS on PM2.5. Theirs was 
a curious and unexpected outcome that is now reinforced by our 
study. Assuming ROS on outdoor PM is uniformly distributed among 
particles (ie, equal when normalized by mass despite size or other 
characteristics) and that there are no indoor sources, we would 
expect that the I/O ratio of particle ROS would be less than 1 due 
to depositional losses of PM onto interior surfaces of the building. 
However, this is not the case, despite the observation that the I/O 
ratios of PM and sulfate indoors are both less than one. There are 
several, somewhat speculative, possibilities that may explain this 
observation.
It is possible that there is an indoor source of ROS. Some ROS 
could form from residual ozone and emitted terpenes,55 but it would 
contribute only a small amount to the ROS concentration observed 
in the short term. Instead of gas-phase formation of ROS, it may 
be formed at surfaces. As shown in Figure S10, elevated carbonyl 
compounds at low air exchange rates in this study are likely due 
to heterogeneous surface chemistry, even though ozone levels are 
low. Heterogeneous ozonation of squalene and unsaturated fatty 
acids can result in semi-stable ozonides and other species.126–128 
Therefore, ozone may also form semi-volatile ROS directly on indoor 
surfaces, which can then accumulate over time. It is also possible 
that semi-volatile ROS species infiltrated from outdoor air, have ad-
sorbed to and accumulated on indoor surfaces over time. By either 
mechanism, these ROS species can then partition readily from in-
door surfaces to particles.102,129,130 Combined, these processes may 
act to buffer fluctuations in the indoor ROS concentration even as 
air exchange rates vary.
Another possibility is that ROS is dominant on particles which 
are not readily removed by the building envelope or by deposition 
to indoor surfaces. Long et al.90 observed higher infiltration factors 
for fine particles (particles between 0.08–0.5 µm) during night-time 
in the absence of indoor particulate matter sources. Depositional 
losses due to diffusion and gravitational settling, which occurs ei-
ther during penetration through the building shell or indoors, may 
explain the lower observed indoor/outdoor ratios of ultrafine and 
F I G U R E  7  Comparison of results from this study to those reported by Khurshid et al.76–78 for indoor and outdoor ROS concentrations. 
Results of this study are shown as boxplots: center horizontal line is the average, box represents quartile 1 and 3, and bars show minimum 
and maximum values
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coarse particles; respectively.92,131–133 Some studies have reported 
higher ROS concentrations on smaller particles.50,80,81
This study is somewhat limited in that sampling only occurred 
during a few days in summer in a single home. Day to day and sea-
sonal changes in outdoor ROS concentrations, as well as specific 
building factors, may affect the observed indoor/outdoor ratio of 
ROS. However, if these observations are supported by further stud-
ies, they suggest that buildings do not attenuate exposure to ROS 
in PM as much as they do other pollutants such as ozone or PM2.5. 
Although people spend about 90% of their time indoors,134 only 
about 40–50% of time-integrated inhalation exposure to ozone oc-
curs indoors.95 This is mainly because indoor ozone concentrations 
tend to be much lower than outdoors. If the indoor and outdoor 
concentrations of particulate ROS are about the same regardless of 
ventilation conditions, then as much as 90% of our total exposure 
could occur indoors, not even taking into account the additional in-
door sources of particulate ROS that can be generated in an occu-
pied home.71 Measurement of the toxicity potential of indoor PM of 
outdoor origin remains a significant need.135
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